The transcription factor DREB1A/CBF3 specifically interacts with the dehydration responsive element (DRE/ CRT) and induces expression of genes involved in environmental stress tolerance in Arabidopsis. Overexpression of DREB1A improved drought-and low-temperature stress tolerance in tobacco. The stress-inducible rd29A promoter minimized the negative effects on the plant growth in tobacco. Furthermore, we detected overexpression of stressinducible target genes of DREB1A in tobacco. These results indicate that a combination of the rd29A promoter and DREB1A is useful for improvement of various kinds of transgenic plants that are tolerant to environmental stress.
Environmental stresses such as drought, high salt and low temperature affect plant growth and decrease crop productivity extremely. It is important to improve stress tolerance of the crop plant to increase crop yield under stress conditions. Plants respond and adapt to the environmental stresses with physiological and developmental changes. Moreover, expression of a variety of genes has been shown to be induced by these stresses in a variety of plants (Ingram and Bartels 1996 , Thomashow 1999 , Shinozaki and Yamaguchi-Shinozaki 1997 , Shinozaki and Yamaguchi-Shinozaki 2000 . The dehydration-responsive element (DRE) with the core sequence A/GCCGAC has been identified as a cis-acting promoter element in regulating gene expression in response to drought, high-salt, and cold stresses in Arabidopsis (Yamaguchi-Shinozaki and Shinozaki 1994) . A similar motif has been identified as CRT (C-repeat) and LTRE (low-temperature-responsive element) in cold-inducible genes (Baker et al. 1994 , Jiang et al. 1996 .
The transgenic Arabidopsis plants overexpressing CBF1 (DREB1B) cDNA under control of the cauliflower mosaic virus (CaMV) 35S promoter showed strong tolerance to freezing stress (Jaglo-Ottosen et al. 1998) . Overexpression of the DREB1A (CBF3) cDNA under the control of the CaMV 35S promoter resulted in strong expression of target stress-inducible genes and the transgenic plants acquired higher tolerance to drought, high-salt, and freezing stresses (Liu et al. 1998 , Kasuga et al. 1999 , Gilmour et al. 2000 . Six genes have been identified as the target stress-inducible genes of DREB1A using RNA gel blot analysis. We also identified further target stress-inducible genes of DREB1A using a 1,300 full-length Arabidopsis cDNA microarray (Seki et al. 2001 ). Twelve stress-inducible genes were identified as target genes of DREB1A. These DREB1A target genes contained the DRE or DRE-related core motifs in their promoter regions. Recently, Fowler and Thomashow (2002) reported 41 target genes of CBFs/DREBs using Affymetrix GeneChip arrays. Thus overexpression of DREBs/CBFs resulted in the induction of multiple stress tolerance genes under a non-stressed control condition in transgenic Arabidopsis, and therefore, the transgenics had improved tolerance to drought, high-salt and freezing stresses.
Recently, Jaglo et al. (2001) showed that constitutive overexpression of the Arabidopsis CBF genes in transgenic Brassica napus plants induced expression of orthologs of Arabidopsis CBF-targeted genes and increased the freezing tolerance of plants. Hsieh et al. (Hsieh et al. 2002a , Hsieh et al. 2002b ) also reported that tomato plants ectopically expressing Arabidopsis CBF1/DREB1B showed enhanced resistance to water deficit, chilling and oxidative stresses. These results indicate that the CBF/DREB gene can be used to improve the multi-stress tolerance of agriculturally important crops by gene transfer. However, transgenic Arabidopsis overexpressing DREB1A caused severe growth retardation under normal growth conditions. Transgenic tomato overexpressing CBF1 also showed the dwarf phenotype under unstressed normal growth conditions (Hsieh et al. 2002a , Hsieh et al. 2002b . Use of the stress-inducible rd29A promoter instead of the constitutive 35S CaMV promoter for the overexpression of DREB1A in transgenic Arabidopsis minimizes the negative effects on plant growth (Kasuga et al. 1999) . In this study we analyzed the effect of overexpression of DREB1A on stress tolerance and growth retardation in transgenic tobacco plants using the constitutive CaMV35S promoter and the stress-inducible rd29A promoter.
First, we generated transgenic tobacco (Nicotiana tabacum) plants overexpressing the DREB1A cDNA driven by a modified 35S CaMV promoter (Mitsuhara et al. 1996) or the stress-inducible rd29A promoter (Kasuga et al. 1999) . Twentynine antibiotic-resistant tobacco transformants carrying the 35S:DREB1A transgene (henceforth, 35S:DREB1A plants) and 42 antibiotic-resistant tobacco transformants carrying the rd29A:DREB1A transgene (henceforth, the rd29A:DREB1A plants) were generated using the leaf-disc method (YamaguchiShinozaki and Shinozaki 1994) . Expression levels of 14 and 30 lines of the 35S:DREB1A and rd29A:DREB1A plants, respectively, were examined by RNA gel blot analysis using the DREB1A cDNA as a probe. Most of the lines showed overexpression of the transgene (data not shown). We selected four and eight lines for the 35S:DREB1A and rd29A:DREB1A plants, which showed various levels of overexpression of each transgene, and used them for further analyses. Among four lines of 35S:DREB1A, two lines were T1 generation and the other two lines were T2 generation and all eight lines of rd29A: DREB1A were T1 generation. We also generated transgenic tobacco plants carrying pBI121 as control plants.
We observed the growth of the 35S:DREB1A and rd29A: DREB1A plants under normal growing conditions and compared them with the control plants at 10 weeks after sowing (Fig. 1A ). All four 35S:DREB1A plants showed growth retardation and were classified into two groups including two plants for each group ( To analyze the relationship between expression levels of the DREB1A gene and the growth of the transgenic plants, we carried out RNA gel blot hybridization. Expression of DREB1A is higher in the 35S:DREB1Ab plants than that in the 35S: DREB1Aa plants. Expression of the DREB1A gene in rd29A: Cold stress: plants were exposed to a temperature of 1°C for 10 d and returned to 25°C for 2 d, drought stress: plants grown in pots were not watered for 2 weeks. To prepare transgenic tobacco (Nicotiana tabacum), we used the CaMV 35S constitutive promoter and the stress-inducible Arabidopsis rd29A promoter to overexpress the Arabidopsis DREB1A gene in tobacco (Nicotiana tabacum, cv. SR1). The 35S:DREB1A plasmid was constructed as described previously (Liu et al. 1998 ). The rd29A: DREB1A was constructed as described previously (Kasuga et al. 1999 ). The constructs were introduced into Agrobacterium tumefaciens 4404 as described previously (Yamaguchi-Shinozaki and Shinozaki 1994 ).
DREB1Aa tobacco is lower than that in both 35S:DREB1Aa and 35S:DREB1Ab under normal growth conditions (data not shown). The 35S:DREB1A plants revealed different levels of growth retardation under the same condition, which may be due to the different levels of expression of the DREB1A transgene as a result of the position effect.
We showed that overexpression of DREB1A driven by the 35S promoter also affected the growth of transgenic tobacco plants and their growth retardation was correlated to the level of the accumulated DREB1A mRNA in transgenic tobacco as well as in transgenic Arabidopsis under unstressed conditions (Fig. 1A) . Such growth retardation was also reported using tomato overexpressing CBF1 (DREB1B) by Hsieh et al. (Hsieh et al. 2002a , Hsieh et al. 2002b . They also reported that these phenomena could be reversed by GA 3 treatment in the transgenic tomato plants and suggested that hyperaccumulation of the CBF1 protein in the transgenics may be interfering with GA biosynthesis. Therefore, we analyzed whether application of GA 3 could overcome the dwarf phenotype of the transgenic Arabidopsis and tobacco plants overexpressing DREB1A (data not shown). Leaves of transgenic Arabidopsis seemed to be enlarged by GA 3 treatment. However, this phenomenon was not specific to the transgenics. The control Arabidopsis plants were also enlarged by GA 3 . On the other hand, transgenic tobacco did not show any reversal of growth retardation by GA 3 treatment. Thus, the dwarf phenotype or growth retardation of transgenic Arabidopsis and tobacco plants may be due not to the interference of GA biosynthesis but to some other mechanism, which is different from the mechanism reported in transgenic tomato plants (Hsieh et al. 2002a , Hsieh et al. 2002b .
The tolerance levels of the 35S:DREB1Aa and rd29A: DREB1Aa transgenic tobacco to freezing and drought stress were compared with those of the control plants grown in pots or on agar plates at 25°C for 3 weeks. When plants grown on agar were exposed to temperatures of 1°C for 10 d and then returned to 25°C for 2 d the control plants showed severe damage on their leaves. However, both 35S:DREB1Aa and rd29A: DREB1Aa transgenic plants revealed higher tolerance than the control plants (Fig. 1B) . To test whether overexpression of the DREB1A gene enhances drought stress tolerance of the transgenic tobacco, we did not water the control and transgenic plants grown in pots for 2 weeks. Both 35S:DREB1Aa and rd29A:DREB1Aa tobacco plants showed higher stress tolerance to drought than the control plants ( Fig. 1B ; 35S: DREB1Aa-1 and rd29A:DREB1Aa-1).
To evaluate the effect of DREB1A overexpression on lowtemperature stress tolerance, we conducted an electrolyte leakage test using the leaves of 35S:DREB1Aa, rd29A:DREB1Aa and control tobacco plants grown on agar plates at 1°C for 10 d. We collected the third and fourth leaves from the bottom for each transgenic plant and used them for the analysis. We observed the differences in growth between the control and transgenic plants but both plants were young enough and did not show bleaching of these leaves that occurs with aging.
Electrolyte leakage in both 35S:DREB1Aa and rd29A: DREB1Aa plants was reduced significantly compared with that in the control plants (Table 1) . We also measured electrolyte leakage of the leaves of both control and transgenic plants grown in pots after drought stress treatments by stopping water for 2 weeks. Electrolyte leakage was clearly low in both 35S: DREB1Aa and rd29A:DREB1Aa plants as compared with that of the control plants (Table 1) . Moreover, the 35S:DREB1Aa plants had higher photosynthetic activity than the control plants as shown by measuring chlorophyll fluorescence maximum photochemical efficiency of PSII in the dark-adapted state (Table 1 : F v /F m ). These results demonstrated that overexpression of DREB1A resulted in improved stress tolerance in tobacco plants.
Then, we analyzed the difference in DREB1A expression between the 35S:DREB1A and rd29A:DREB1A transgenic tobacco plants (Fig. 2A) . The 35S:DREB1A, rd29A:DREB1A and control plants (pBI121) were grown on MS agar medium containing Kanamycin (200 mg liter -1 ) for 3 weeks as described previously (Yamaguchi-Shinozaki and Shinozaki 1994) and exposed to drought-and low-temperature stress treatments. Isolation of total RNA and RNA gel blot hybridization were performed as described previously (YamaguchiShinozaki and Shinozaki 1994) . The DREB1A gene was slightly expressed under the control conditions in the rd29A: DREB1Aa tobacco plants, but after they were exposed to these Ion leakage and photosynthetic activity (F v /F m ) were measured. The values are means ± SE of two to eight independent samples. Statistical significance compared with the value of the control plants was determined by t-test (*p<0.01). Membrane leakage and photosynthetic activity were measured according to the method described by Fan et al. (1997) . Leaves of each control or transgenic plant were immersed in 10 ml of 0.4 M mannitol at room temperature with shaking at 200 rpm for 3 h, and the bathing solution was measured for conductivity with a conductivity meter (HORIBA DS-8F). The total conductivity was determined by boiling leaves for 10 min. The conductivity due to leakage was expressed as the percentage of the initial conductivity versus the total conductivity. Photosynthetic activities of leaves were assessed by use of the ratio of variable chlorophyll fluorescence (F v ) to maximum yield of chlorophyll fluorescence (F m ), expressed as F v /F m . The ratio F v /F m was monitored with a TEACHING PAM (HEINZ WALZ). Leaves were adapted to the dark for 10 min at room temperature before measurements were made.
Control
Cold Drought stress conditions, the expression of the DREB1A gene was elevated to a much higher level. We detected stronger DREB1A expression in the rd29A:DREB1Ab plants under the control condition than in the rd29A:DREB1Aa tobacco plants, and the level of DREB1A expression was further increased by drought and low-temperature stresses in both transgenic plants.
On the other hand, we detected almost constitutive expression of DREB1A in the 35S:DREB1Aa and 35S:DREB1Ab plants. However, we sometimes detected stronger expression of DREB1A in the 35S:DREB1A plants exposed to low temperature. A certain mechanism to stabilize the DREB1A mRNA may exist under low-temperature stress conditions in the transgenic tobacco plants ( Fig. 2A) . Previously, we reported that DREB1A functions as a transcriptional activator in the expression of more than 40 stressinducible genes in Arabidopsis (Kasuga et al. 1999 , Seki et al. 2001 . Some of the DREB1A target genes encode group 2 LEA proteins such as ERD10 and RD17. To identify the target genes of DREB1A in tobacco we constructed a cDNA library using mRNAs prepared from the 35S:DREB1A tobacco plants. To prepare cDNA libraries 20 g of whole transgenic tobacco plants grown on MS agar medium for 3 weeks were used. Total RNA, poly(A)+ RNA and cDNA were prepared as described previously (Yamaguchi-Shinozaki et al. 1992) . We screened the library for cDNAs encoding group 2 LEA proteins from the library. The probes for the group 2 LEA-protein were amplified by PCR with the primers, 5′-GGATCCGGATCCAAAC-CAGGGGGTGATGAT-3′ and 5′-GGATCCGGATCCTTAAT-CAGACACTTTTTC-3′, using the ERD10 cDNA as a template. We isolated four cDNAs for the group 2 LEA proteins of tobacco, and named them NtERD10A, NtERD10B, NtERD10C and NtERD10D, whose accession numbers are AB049335, AB049336, AB049337, AB049338, respectively.
We examined the expression of these four NtERD10 genes in the control and transgenic tobacco plants (Fig. 2B ). In the 35S:DREB1Aa tobacco plants, all the NtERD10 genes except NtERD10A were expressed strongly even under normal growth conditions as compared with that in the control plants and the expression levels of these genes were significantly increased by drought and low-temperature stresses. In the rd29A:DREB1Aa tobacco plants, all the NtERD10 genes were weakly expressed under the normal growth conditions like that in the control plants and strongly induced by drought and cold stresses. The expression level of these induced genes in the transgenics was higher than that in the control plants. These results indicate that these four NtERD10 genes are target stress-inducible genes of DREB1A in tobacco and are probably responsible for the stress tolerance of the transgenic tobacco like Arabidopsis homologs. However, the degree of gene activation seemed to be limited in the 35S:DREB1A tobacco under the control condition (Fig. 2B) . The DREB1A gene of Arabidopsis may not have enough activity to overexpress the target genes in tobacco plants or we could not detect the highest expression of the NtERD10 genes because we used the transgenic line with a mild phenotype (35S:DREB1Aa: Fig. 1A ).
Among the four NtERD10 genes, the NtERD10A gene showed different expression from the other three genes (Fig. 2B ). This gene is induced by drought but not by a low temperature while the other genes are induced by both drought and a low temperature like the DREB1A target genes in Arabidopsis. However, we detected overexpression of NtERD10A in both the rd29A:DREB1Ab-1 and 35S:DREB1Aa-1 plants under a low temperature, which indicated that overexpression of DREB1A affected the expression of NtERD10A (Fig. 2B) . Therefore, we think that NtERD10A is one of the target genes of DREB1A in tobacco. However, this gene may not be the target gene of the endogenous DREB1A homolog in tobacco, or this stress-inducible gene may be suppressed specifically under a low temperature.
Use of the stress-inducible rd29A promoter instead of the constitutive 35S CaMV promoter for the overexpression of DREB1A minimized the negative effects on plant growth in transgenic Arabidopsis (Kasuga et al. 1999) . We further showed that DRE in the rd29A promoter also functions in gene expression in response to stress in tobacco plants (YamaguchiShinozaki and Shinozaki 1993) , which suggests that the rd29A promoter regulates the expression of DREB in tobacco similarly does in Arabidopsis. These results indicate that the stress- inducible rd29A promoter is quite useful to overexpress DREB1A for improving drought, salt and freezing stress tolerance not only in transgenic Arabidopsis but also in other kinds of transgenic plants such as tobacco.
